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S U M M A R Y
Earth’s large-scale topography and lower-mantle structure are linked to past tectonic motions
and mantle flow, making it possible to gain insights in the properties of the solid Earth from
time-dependent global convection models driven by tectonic reconstructions. Recent work
suggests that the amplitude of residual topography, obtained by subtracting models of isostatic
topography from total topography, may be up to ∼1000 m at spherical harmonic degree two
(wavelength ∼13 300 km) and > 200 m at spherical harmonic degree 12 (wavelength ∼3000
km). The amplitude of dynamic topography and the structure of the lower mantle predicted
by time-dependent forward mantle flow models both depend on the physical assumption and
on model parameters. Here, I investigate the consequence of using the Boussinesq, extended
Boussinesq or truncated anelastic liquid approximation (TALA) in time-dependent flow mod-
els for predicting present-day mantle structure and dynamic topography; I characterize the
sensitivity of the spectral distribution of dynamic topography amplitude to the boundary con-
ditions and model set-up for the computation of dynamic topography; and I investigate the
sensitivity of model results to parameters including the depth- and temperature dependence
of viscosity, the model initial age and the density of the basal layer. Extended Boussinesq and
TALA models are preferred to Boussinesq models that overpredict the volume of lower-mantle
slabs and the amplitude of long-wavelength dynamic topography. The correlation between dy-
namic and residual topography models for spherical harmonic degrees 1–3 generally ranges
between 0.4 and 0.5. The flow models better predict the geographical location of large low
shear velocity provinces than that of lower-mantle slabs, which cover smaller areas in map
view. I show that preserving shallow lateral viscosity variations in the computation of dynamic
topography increases the amplitude of dynamic topography for wavelengths > 6000 km. Pa-
rameter trade-offs exist to fit both deep and surface constraints. The best-fitting model cases
considered either a moderately dense basal layer (approximately 2 per cent denser than ambient
mantle) or weak temperature- and pressure dependence of lower-mantle viscosity. The fit to
present-day constraints does not significantly deteriorate when extending the reconstruction of
mantle flow from 200 to 410 Ma, reflecting that seismic tomography models capture the history
of mantle convection over the last 200–250 Myr, and suggesting that palaeogeographically
constrained mantle flow models should be compared to time-dependent surface geological
constraints.
Key words: Structure of the Earth; Numerical modelling; Seismic tomography; Dynamics:
convection currents, and mantle plumes; Dynamics of lithosphere and mantle; Rheology:
mantle.
1 I N T RO D U C T I O N
Mantle flow is closely linked to tectonic motions, and using tectonic
reconstructions as boundary conditions (BCs) of mantle flow mod-
els (e.g. Ricard et al. 1993; Bunge et al. 1998; Lithgow-Bertelloni
& Richards 1998; McNamara & Zhong 2005) gives insight into the
location of past downwelling and upwelling and associated dynamic
topography (e.g. Zhang et al. 2012; Flament et al. 2013), which can
be compared to the geological record of Phanerozoic marine in-
undation of continents (Gurnis 1993; Spasojevic & Gurnis 2012)
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and epeirogeny (Zhang et al. 2012; Müller et al. 2016a). It has
been shown that the amplitude of dynamic topography predicted
by global mantle flow models, which depends on model set-up and
parameters (Flament et al. 2013), is larger than the amplitude of
residual topography models (derived by removing a model of iso-
static topography from total topography) at wavelengths > 6500 km
(Figs 1a and b; Hoggard et al. 2016). The problem is reversed at
wavelengths < 6000 km, at which the amplitude of dynamic topog-
raphy tends to be smaller than that of residual topography (Figs 1a
and b; Hoggard et al. 2016). A recent global residual topography
model suggests that the amplitude of residual topography at spheri-
cal harmonic degree two may be between ∼300 and 700 m (Fig. 1a;
Hoggard et al. 2016), and recent instantaneous flow models based
on tomography suggest that the amplitude of dynamic topography
at spherical harmonic degree two may be ∼1000 m (Fig. 1b; Yang
& Gurnis 2016; Steinberger et al. 2017) as opposed to ∼ 2000 m
(Fig. 1b; Steinberger 2007; Spasojevic & Gurnis 2012; Flament
et al. 2013). The instantaneous nature of these flow models makes
it possible to optimize mantle viscosity and model set-up based
on residual topography models and gravity data (Steinberger 2016;
Yang & Gurnis 2016). These instantaneous flow models highlight
the sensitivity of dynamic topography to the structure of the litho-
sphere (Steinberger 2016), and suggest that the temperature depen-
dence of lower-mantle viscosity could be weaker (Yang & Gurnis
2016) than deduced by extrapolating the results of laboratory ex-
periments (e.g. Yamazaki & Karato 2001). However, instantaneous
models are not ideal to investigate the sensitivity of mantle flow
and associated dynamic topography to lateral viscosity variations
(LVVs) that have a more significant effect on the temporal evolution
of convection than on instantaneous models (Moucha et al. 2007).
Steinberger (2016) reported little difference between the dynamic
topography predicted by compressible and incompressible mod-
els of present-day mantle flow; however, the effect of shear heat-
ing, adiabatic cooling and compressibility accumulate over time,
so that the results of time-dependent mantle flow models based
on different physical assumptions are expected to be significantly
different.
The present-day mantle structure predicted by palaeogeograph-
ically constrained convection models can be compared to tomog-
raphy models from which they are independent (Becker & Boschi
2002; Bull et al. 2009; Davies et al. 2012; Steinberger et al. 2012).
The initial condition of forward mantle flow models is unknown
(Bunge et al. 1998; McNamara & Zhong 2005; Coltice & Shephard
2017), although it can be optimized back to ∼100 Ma in adjoint
models that are tied to a tomography model (Liu et al. 2008). The
dynamic topography prediction of forward mantle flow models can
also be compared to models of residual topography (Flament et al.
2013) in which a model of isostatic topography is removed from
observed topography (e.g. Le Stunff & Ricard 1995; Panasyuk &
Hager 2000; Hoggard et al. 2016).
Here, I quantitatively compare the predictions of forward man-
tle flow models constrained by tectonic reconstructions to residual
topography and tomography models from which the mantle flow
models are entirely independent. I use spherical harmonics analysis
to compare the amplitude (
√
power) spectra of dynamic and resid-
ual topography models (as in Fig. 1b), paying particular attention
to the amplitude of dynamic topography at degree two (Steinberger
et al. 2017) and to the correlation between dynamic and residual
topography at degrees 1–3 (Yang & Gurnis 2016). I also com-
pare the predicted dynamic topography to high-accuracy spot esti-
mates of residual topography (Hoggard et al. 2017). As in Flament
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Figure 1. Spherical harmonics analysis of published global residual and
dynamic topography models. (a) Amplitude (
√
power) spectra of published
residual topography models. The scale of the vertical axis is logarithmic.
‘F13’: Flament et al. (2013); ‘S07’: Steinberger (2007); ‘PH00’: Panasyuk
& Hager (2000); ‘K03’: Kaban et al. (2003); ‘H16’: Hoggard et al. (2016);
‘YG16’: Yang & Gurnis (2016); ‘PM’: plate model; ‘HSCM’: half-space
cooling model and ‘HA’: high accuracy. (b) Amplitude spectra of published
dynamic topography models. The residual topography amplitude spectra
from (a) are shown in grey and the scale of the vertical axis is logarithmic.
‘R93’: Ricard et al. (1993); ‘CH09’: Conrad & Husson (2009) and ‘SG12’:
Spasojevic & Gurnis (2012). (c) Correlation between residual and dynamic
topography. The solid line is the average and the grey envelope is the double
standard deviation.
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et al. (2017), I use cluster analysis to compare the geographical
distribution of the thermal (Davies et al. 2012) or thermochemi-
cal (Ni et al. 2002; McNamara & Zhong 2005) lowermost mantle
structures predicted by the models to the geographical distribution
of large low shear velocity provinces (LLSVPs; e.g. Garnero &
McNamara 2008) as imaged by tomography models. I compare the
predicted cold lower mantle to high-velocity anomalies as imaged
in recent vote maps of tomography models (Shephard et al. 2017).
I quantify the match between slabs in the models and tomography
(Becker & Boschi 2002; Shephard et al. 2012; Steinberger et al.
2012) and show their respective geographical distribution (Flament
et al. 2014; Seton et al. 2015; Coltice & Shephard 2017). Finally,
I verify that the core–mantle boundary (CMB) heat flow predicted
by models is consistent with constraints (Jaupart et al. 2007).
The dynamics of time-dependent mantle flow models are known
to be different for different physical assumptions (e.g. Steinbach
et al. 1989; Ita & King 1994; Dubuffet et al. 1999), and the first
aim of this study is to assess which of the Boussinesq approxima-
tion (used in e.g. Lithgow-Bertelloni & Richards 1998; McNamara
& Zhong 2005; Liu et al. 2008; Bull et al. 2009; Zhang et al.
2012; Flament et al. 2013; Müller et al. 2016a; Coltice & Shephard
2017), extended-Boussinesq approximation (used in e.g. Hassan
et al. 2015; Young et al. 2018) or truncated liquid anelastic ap-
proximation (used in e.g. Bunge et al. 1998; Davies et al. 2012;
Shephard et al. 2012) may be appropriate to predict the present-day
dynamic topography and structure of the lower mantle from time-
dependent, palaeogeographically constrained mantle flow models.
The second aim of this study is to characterize the sensitivity of
the spectral distribution of dynamic topography amplitude to BCs
(Thoraval & Richards 1997) and to calculation set-up (which vary
significantly between studies, see Flament et al. 2013, for some
examples) including the effect of uppermost mantle LVVs (Stein-
berger et al. 2017; Müller et al. 2018). The third aim of this study
is to investigate the sensitivity of palaeogeographically constrained
mantle flow models to parameters including the depth- and temper-
ature dependence of viscosity that affect the present-day location of
mantle structures (Ricard et al. 1991; Funiciello et al. 2008) and the
amplitude of long-wavelength dynamic topography (Liu & Zhong
2016; Yang & Gurnis 2016); the age of the unknown initial condi-
tion that is known to significantly influence the outcome of forward
reconstructions of past mantle flow (Bunge et al. 1998; McNamara
& Zhong 2005; Coltice & Shephard 2017) and the intrinsic density
of the basal material which remains poorly constrained and may
range between 0 per cent (thermal LLSVPs, e.g. Davies et al. 2012)
and a few per cent (thermochemical LLSVPs, e.g. McNamara &
Zhong 2005; Garnero & McNamara 2008).
2 M E T H O D S
2.1 Palaeogeographically constrained mantle flow models
2.1.1 Model set-up
I used the mantle convection code CitcomS (Zhong et al.
2008), modified by Bower et al. (2015) to assimilate tectonic
reconstructions with continuously closing plates (Gurnis et al.
2012) in one million year increments, to solve the problem of
convection under either the Boussinesq approximation (cases C2,
F13∗ and F17∗ in Table 1), the extended-Boussinesq approxi-
mation (e.g. Jarvis & McKenzie 1980; cases C1 and C4-C10 in
Table 1 and C11-C23 in Table S1, Supporting Information), or
the truncated anelastic liquid approximation (TALA, e.g. Ita &
King 1994; case C3 in Table 1 and cases C24-C28 in Table S1,
Supporting Information). The extended-Boussinesq approxima-
tion accounts for viscous dissipation, an adiabatic temperature
gradient, internal heating and the depth dependence of the coeffi-
cient of thermal expansion (Chopelas & Boehler 1992) as in
eq. 2 of Tosi et al. (2013): α (T, z) =
(b0 + b1T + b2T −2) exp(−b3z), where T is the temperature,
z is the depth and the coefficients b0, b1, b2 and b3 were obtained
from an inversion of thermodynamic data, a first-principle
simulation based on the PREM density and gravity profile (Tosi
et al. 2013). Under the TALA, density depends on depth and
the compressibility of the mantle is controlled by the Grüneisen
parameter (γ ). Details of the governing equations for each of the
three physical assumptions may be found, for example, in Ita &
King (1994).
The model consists of 129 × 129 × 65 × 12 ≈ 13 million nodes
which, with a radial mesh refinement, gives average resolutions of
∼50 × 50 × 15 km at the surface, ∼28 × 28 × 27 km at the
CMB, and ∼40 × 40 × 100 km in the mid-mantle. The initial
condition at age a0 (which is varied across cases C14–C19, Table
S1, Supporting Information) consists of an adiabatic temperature
profile (for extended-Boussinesq and TALA cases) between two
thermal boundary layers (see Fig. 2 for an example initial con-
dition at 230 Ma). The basal thermal boundary layer is initially
laterally uniform and 225 km thick (113 km thick in cases C2,
C4 and F17∗; 0 km thick in case F13∗) and all models except
F13∗, C23 and C28 include a 113-km thick layer (2 per cent vol-
ume of Earth’s mantle; Hernlund & Houser, 2008) of material that
is denser than ambient mantle. The density contrast between that
material and ambient mantle is δρch = B ρ0 α0 T, where B is
the buoyancy ratio, ρ0 = 4000 kg m−3 is the reference density,
α0 = 3 × 10−5 K−1 is the reference coefficient of thermal ex-
pansion at the surface and T = 3100 K is the temperature dif-
ference across the mantle. B was varied from 0.5 to 0 across
cases C1, C9, C20–C23 for extended-Boussinesq model cases and
C3, C24–C28 for TALA model cases and corresponding values
of δρch are listed in Table 1 and Table S1 in the Supporting
Information.
Slabs were initially inserted to 1200 km depth (1400 km in cases
C2, C4 and F17∗; 1750 km depth in case F13∗), with an angle of 45◦
down to 425 km depth, and vertically below 425 km depth (Fig. 2).
Slabs were initially three times as thick (twice as thick for cases
C2, C4 and F17∗) in the lower mantle than in the upper mantle
to account for advective thickening (Ricard et al. 1993, Fig. 2). In
subsequent steps, the thermal structure of slabs, derived from the
half-space cooling model and the age of the ocean floor, was read
in by the code down to 350 km depth and merged with the dynamic
solution (Bower et al. 2015). Subduction zones that appear during
the model run were progressively inserted down into the mantle
using an upper-mantle sinking rate (5 cm yr−1 by default, or as pre-
scribed in the reconstruction based on plate convergence rates). The
thermal structure of the lithosphere, defined using the half-space
cooling model, past ages of the ocean floor (Müller et al. 2008), and
the tectonothermal age of continental lithosphere (Artemieva 2006;
Flament et al. 2014, Fig. 2) was also assimilated in one million
years increments. In cases C2, C4 and C10, the maximum age of
the oceanic lithosphere was set to 80 Myr to mimic the plate model.
The model was dynamic below 350 km depth.
I considered five tectonic reconstructions (Table 1): in recon-
struction A based on Seton et al. (2012) with modifications to
implement deformation during the opening of the South Atlantic
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Figure 2. Initial condition of mantle flow model at 230 Ma for case C1. (a) Mantle temperature at 60 km depth for case C1 at a0 = 230 Ma. Grey outlines are
reconstructed present-day coastlines, red lines are subduction zones with triangles on the overriding plate and yellow lines are mid-ocean ridges and transform
faults. The green line is the location of the cross-section shown in (b). (b) Mantle temperature along the cross-section shown in (a). The dashed grey line is
the upper–lower-mantle boundary and the brown line outlines the basal layer. Numbers above the colour palette refer to the non-dimensional temperature, and
numbers below the colour palette to the dimensional temperature.
Ocean (Flament et al. 2014), absolute plate motions are based on
a moving hotspot reference frame (O’Neill et al. 2005) for 100–0
Ma and on a true polar wander-corrected reference frame (Stein-
berger & Torsvik 2008) for 200–100 Ma; reconstruction B is the
reconstruction of Zahirovic et al. (2014), in which southeast Asia
and the Arctic Ocean (Shephard et al. 2013) are different from re-
construction A, and absolute plate motions are based on a different
moving hotspot reference frame (Torsvik et al. 2008) for the period
100–0 Ma; reconstruction C is the reconstruction of Müller et al.
(2016b), with several regional modifications compared to recon-
struction B; reconstruction D is the reconstruction of Matthews
et al. (2016), which is based on the reconstructions of Domeier
& Torsvik (2014) for the period 410–250 Ma, and of Müller et al.
(2016b) for the period 230–0 Ma, except that absolute plate motions
are based on a different true polar wander-corrected reference frame
(Torsvik et al. 2012) for the period 230–100 Ma; reconstruction E
is the reconstruction of Young et al. (2018), which adopts different
scenarios than reconstruction D for the closure of the Rheic Ocean
and motion of circum-Palaeotethys blocks, and the palaeomagnetic
reference frame of Torsvik & Voo (2002) for the period 410–250
Ma, in order to decrease global tectonic speeds and trench migration
rates. The reference frame determines the past location of subduc-
tion zones, which affects the predicted present-day structure of the
mantle (van der Meer et al. 2010; Shephard et al. 2012).
2.1.2 Governing parameters
The vigour of convection is controlled by the reference Rayleigh
number Ra = α0ρ0g0T h3M
κ0η0
, where g0 = 9.81 m s−2 is the grav-
ity acceleration, hM = 2867 km is the thickness of the mantle,
κ0 = 1 × 10−6 m2 s−1 is the thermal diffusivity, η0 = 1.1 × 1021
Pa s is the viscosity and the subscript ‘0’ indicates reference val-
ues. With the values listed above, Ra = 7.8 × 107. Ra was varied
over three orders of magnitude across cases C1 and C11–C13 (Ta-
ble S1, Supporting Information) to identify a convective regime
in which slab sinking rates are comparable to average plate veloc-
ities. The reference Rayleigh number is used as input parameter
for the mantle flow models, in which the actual Rayleigh number
is variable in space and time and differs between models based
on different physical assumptions. In extended-Boussinesq cases,
Di = α0g0 R0CP0 = 1.56 is the dissipation number, where CP0= 1200 J
kg−1 K−1 is the reference heat capacity. The rate of internal heating
H = 33.6 TW (H = 32.8 TW for case C2 and H = 0 TW for cases C4,
F13∗and F17∗) results from heat produced by radioactive elements
(between 9–17 TW; Jaupart et al. 2007) and primordial sources of
heat dissipated by secular cooling of the solid Earth (between 8–29
TW; Jaupart et al. 2007). In TALA model cases, the Grüneisen pa-
rameter is used a priori to calculate the depth-dependent density of
the mantle by integrating the self-compression equation as in Tan &
Gurnis (2007). Setting γ = 1.77 gives a range of densities across the
mantle similar to the Preliminary Reference Earth Model (PREM,
Dziewonski & Anderson 1981).
I approximated Earth’s mantle as a Newtonian fluid in which
viscosity varies with depth, composition, temperature and pressure.
The pressure dependence of viscosity was taken into account in
extended Boussinesq and TALA model cases to offset the decrease
in viscosity as temperature increases with depth according to an
adiabatic gradient. The viscosity law used in the Boussinesq model
cases (C2, F13∗ and F17∗) was
η = η (r ) η0 (1 + ηcC) exp
{
Eη
[R (T + Toff )] −
Eη
[R (TCMB + Toff )]
}
,
and the viscosity law used in the extended-Boussinesq and TALA
model cases (all other cases) was
η = η (r ) η0 (1 + ηcC) exp
{[
Eη + Zη (R0 − r )
]
[R (T + Toff )]
−
[
Eη + Zη (R0 − Rc)
]
[R (TCMB + Toff )]
}
where η(r) is a pre-factor defined for four layers: above 160 km
depth, between 160–310 km depth, between 310–660 km depth
and below 660 km depth (see Table 1 for values). The depth layer-
ing of viscosity was varied across cases C1 and C4–C6 (Table 1).
η0 = 1.1 × 1021 Pa s is the reference viscosity, C is the compo-
sition field and ηC = 100 is the compositional viscosity pre-factor
in the continental lithosphere, r is the radius, RC = 3504 km is the
radius of the core and R0 = 6371 km is the radius of the Earth.
For the upper mantle, the activation energy was Eη = 275 kJ mol−1
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Figure 3. Horizontally averaged present-day temperature and viscosity. (a) Horizontally averaged present-day temperature for four model cases. The dashed
lines are the minimum and maximum temperatures for case C1. (b) Horizontally averaged present-day viscosity for eight model cases. ‘SC06’: Steinberger &
Calderwood (2006).
and the activation volume is Zη = 1.9 × 10−6 m3 mol−1. Val-
ues of Eη and Zη for the lower mantle were varied in cases C7
and C8 (Table 1), allowing activation energy to be negative, fol-
lowing a recent study fitting present-day dynamic topography and
gravity anomalies with instantaneous flow models (Yang & Gurnis
2016). R = 8.31 J mol−1 K−1 is the universal gas constant, T is
the dimensional temperature, Toff = 452 K is a temperature offset
and TCMB = 3380 K is the temperature at the CMB, which is at
the low end of current estimates (3300–4300 K; Lay et al. 2008).
The pre-factor, activation energy, activation volume and tempera-
ture offset were selected to obtain variations in viscosity over three
orders of magnitude across the range of temperatures without im-
posing a yield stress. Viscosity variations were limited to the range
1.1 × 1020–2.2 × 1023 Pa s. The resulting horizontally-averaged
present-day mantle viscosity profiles (Fig. 3b) are generally consis-
tent with a viscosity profile adjusted to fit the geoid and post-glacial
rebound (Steinberger & Calderwood 2006).
2.1.3 Computation of dynamic topography
In models with a rigid surface, topography h can be obtained by
scaling the total normal stress σrr on the top model surface follow-
ing:
h = σrr
ρg0
,
where ρ is the density difference between the mantle and the
surface load (which may be air, water or sediment). Here, I con-
servatively used the density of the shallow mantle ρUM = 3340
kg m−3 and considered present-day topography to be water-loaded
(ρw = 1030 kg m−3) below present-day sea level, defined using
ETOPO1 (Amante & Eakins 2009), and air-loaded (ρa = 0 kg m−3)
above, resulting in an amplitude 1.45 times greater in water-loaded
areas. This loading was applied to the calculations presented in
this study for consistency with previously published residual and
dynamic topography maps (Flament et al. 2013) that are publicly
available. For the calculations presented in this study, the mean
was removed from air-loaded dynamic topography (because the
global average of dynamic topography must be zero, e.g. Conrad
& Husson 2009) before applying water loading to areas presently
below sea level. Using the reference density ρ0 = 4000 kg m−3
instead of the density of the shallow mantle would reduce the am-
plitude of air-loaded dynamic topography by 16.5 per cent and
water-loaded dynamic topography by 22 per cent. However, ρ0
= 4000 kg m−3 is only reached at the base of the upper man-
tle (∼670 km depth) in PREM (Dziewonski & Anderson 1981),
so that it is not appropriate to use this density to scale surface
topography.
The topography predicted by mantle flow models may be com-
puted including all sources of buoyancy up to the surface (Forte
et al. 1993; Flament et al. 2014). The definition of dynamic topog-
raphy varies between authors, with some including the cooling of
the upper thermal boundary layer (Forte et al. 1993; Steinberger
et al. 2017), and others defining dynamic topography as resulting
from sublithospheric flow (Ricard et al. 1993; Steinberger 2007;
Conrad & Husson 2009; Spasojevic & Gurnis 2012; Flament et al.
2013). Here, I considered dynamic topography to be due to sublitho-
spheric flow, and I computed the dynamic topography at the surface
resulting from sources of buoyancy below a given depth, which is
applied globally to obtain a smooth dynamic topography field. That
depth was set equal to 350 km, which is the maximum depth of
assimilation in the models (Bower et al. 2015) in all model cases
except for case C1̂, for which it was set equal to 250 km, which
is the base of the model Archean continental lithosphere (Flament
et al. 2014). Defining dynamic topography at the base of the litho-
sphere would result in lateral contrasts reflecting lateral variations
in the thickness of the lithosphere because the amplitude of dynamic
topography depends on depth (e.g. Hager & Clayton 1989).
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Figure 4. Sensitivity of dynamic topography amplitude (
√
power) spectra to parameters. (a) Effect of the physical assumption (BO: Boussinesq; EX: Extended-
Boussinesq and TA: Truncated Anelastic), of considering lateral viscosity variations (LVVs) in the calculation of dynamic topography, and of the asthenosphere
(asth.). (b) Reference Rayleigh number Ra. (c) Density contrast δρch between the basal layer and ambient mantle. (d) Initial age a0. (e) Top surface boundary
condition (BC) in the calculation of dynamic topography. (f) Depth above which sources of buoyancy are ignored in the calculation of dynamic topography.
The residual and dynamic topography amplitude spectra from Fig. 1 are shown in grey and brown, respectively. The scale of the vertical axes is logarithmic.
I computed dynamic topography from instantaneous restarts of
the main calculation, in which the top surface is free slip (a no-
slip BC is used for comparison in case C1#), considering self-
gravitation and a consistent boundary flux method (Zhong et al.
1993, 2008). I used two types of restarts. In the first type of restart,
the calculation of dynamic topography solved for Stokes flow by
only reading in the temperature field from the main calculation,
modified by setting the temperature to be equal to the background
mantle temperature (here set to be Tb = 1825 K) above the chosen
depth (either 350 or 250 km). This type of restart, which was used
in cases C1∗, C9∗, F13∗ (Flament et al. 2013) and F17∗ (Flament
et al. 2017), does not preserve the viscosity structure of the outer
shell for the calculation of dynamic topography. In the second type
of restarts, the temperature and composition fields were unchanged,
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Figure 5. Comparison between dynamic topography and spot constraints on residual topography. (a) Dynamic topography for case C1∗, and high-accuracy
residual topography from Hoggard et al. (2017, symbols are coloured using the residual topography, and stars indicate that the distance between residual
and dynamic topography is greater than 2σ , with σ the standard deviation). (b) Scatter plot between residual topography (Hoggard et al. 2017) and dynamic
topography for case C1∗ sampled at the locations shown in (a). The solid grey line is the 1:1 line, the thin grey line indicates 1σ and the dashed line 2σ .
Symbols are coloured by the difference between dynamic and residual topography, and stars are used to indicate that this distance is greater than 2σ . (c) Same
as (a) for case C1. (d) Same as (b) for case C1.
but sources of buoyancy were excluded above a chosen depth and
the buoyancy of the continental lithosphere was ignored. This type
of restarts, which was used in Müller et al. (2018) and was used in
28 model cases here, preserves the viscosity structure in the outer
shell.
2.2 Quantifying model success
2.2.1 Dynamic topography spherical harmonics analysis
I used spherical harmonics analysis to compute amplitude (
√
power)
spectra of present-day residual and dynamic topography. I consid-
ered the residual topography models of Panasyuk & Hager (2000),
Kaban et al. (2003), Steinberger (2007), Flament et al. (2013), Hog-
gard et al. (2016) and Yang & Gurnis (2016), and the present-day
dynamic topography of Ricard et al. (1993), Steinberger (2007),
Conrad & Husson (2009), Spasojevic & Gurnis (2012), Flament
et al. (2013), Yang & Gurnis (2016), as well as the model cases
introduced here (Table 1). In this comparison, residual topogra-
phy is assumed to be a direct proxy for dynamic topography. The
residual topography models reported in Steinberger (2007) were
only available to me up to spherical harmonic degree 12, which
was adopted as the upper limit for their analysis (Figs 1 and 4).
Note that Yang & Gurnis (2016) limited the expansion of spot
contraints (Fig. 5) by Hoggard et al. (2016) to spherical harmonic
degree three. The amplitude (
√
power) of dynamic topography at
degree two (h2) is listed in Table 1. Note that h2 is poorly con-
strained (Fig. 1a) and may be of the order of 1000 m (Yang &
Gurnis 2016; Yang et al. 2017), although a recent global residual
topography model suggests lower amplitudes 300 < h2< 700 m
(Hoggard et al. 2016; Fig. 1a). Here, I considered 900 < h2< 1100
m to be compatible with the residual topography models of Yang
& Gurnis (2016) (Fig. 1a), and h2> 1400 m, which is about 50
per cent more than in the residual topography models of Yang &
Gurnis (2016), to be incompatible with residual topography models
(Table 1 and Table S1, Supporting Information). The correlation for
degrees 1–3 (C1–3) between the present-day dynamic topography
and residual topography is reported for each model case and com-
pared to the average correlation between previously published mod-
els of dynamic and residual topography (C1–3 = 0.45; Fig. 1c and
Table 1).
2.2.2 Structure of the lower mantle
Cluster analysis of lower-mantle structure. A set of points on the
surface was clustered into two groups according to variations with
depth of mantle temperature from each flow model and seismic ve-
locity from seven tomography models. Temperature (or seismic ve-
locity) profiles were treated as 196 596 equally spaced independent
vectors (average distance 0.45◦) of 31 coordinates specifying the
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temperatures (or seismic velocities) sampled at 31 depths between
1000 and 2800 km depth (Lekic et al. 2012), with an average reso-
lution of 58 km. The vectors were grouped into two clusters using
k-means clustering (MacQueen 1967), a procedure that keeps the
variance in squared Euclidean distance between vectors small within
each cluster. As in Flament et al. (2017), I considered the tomogra-
phy models SAW24B16 (Mégnin & Romanowicz 2000), HMSL-S
(Houser et al. 2008), S362ANI (Kustowski et al. 2008), GyPSuM-
S (Simmons et al. 2010), S40RTS (Ritsema et al. 2011), savani
(Auer et al. 2014) and SEMUCB-WM1 (French & Romanowicz
2014). Flament et al. (2017) showed that the method success-
fully matches basal hot mantle structures to slow seismic velocities
anomalies.
To quantify how well the global geographic distribution of clus-
ters obtained for each model case matched that for each considered
S-wave tomography model, I computed both the sensitivity (also
called recall or true positive rate) S = TP/(TP+FN) and the accuracy
Acc = (TP+TN)/A (Fig. 6), where TP is the area of true positives
(high-temperature cluster for the model and low-velocity cluster for
the tomography), FN is the area of false negatives (low-temperature
cluster for the model and low-velocity cluster for the tomography),
TN is the area of true negatives (low-temperature cluster for the
model and high-velocity cluster for the tomography) and A is the
total area. The terminology ("sensitivity" and "accuracy") used here
is borrowed from Receiver Operating Characteristics analysis (e.g.
Fawcett 2006) commonly used in machine learning. Three exam-
ples of the spatial distribution of true positives, true negatives, false
positives (high-temperature cluster for the model and high-velocity
cluster for the tomography) and false negatives with respect to to-
mography models are shown in Fig. 7, and mantle temperature and
viscosity are shown in Figs 8 and 9. For each model case, values of
the global sensitivity and accuracy averaged over the seven tomog-
raphy models are listed in Table 1 and Table S1 in the Supporting
Information.
Comparison of lower-mantle slabs predicted by the mantle flow
models and imaged by tomography models. The distribution of
model slabs in the lower mantle can be mapped by using a temper-
ature threshold, and compared to vote maps based on seven P-wave
and seven S-wave tomography models (Shephard et al. 2017). Using
mantle 2 per cent colder than ambient gave slab areas that are com-
parable to considering votes 6–14 across all 14 tomography models
(at least six tomography models out of 14 indicate seismically fast
material) or votes 3–7 for either P- or S-wave tomography models
(Fig. 10a). As with the cluster analysis, I computed the sensitivity
and accuracy between each flow model and each tomography vote
map (Fig. 11), and I reported the global sensitivity and accuracy
averaged over the three tomography vote maps in Table 1 and Table
S1 in the Supporting Information. The match between case C7 and
the combined vote map (6–14 votes) as a function of depth is shown
on Fig. 12.
3 R E S U LT S
The input parameters and outputs of 12 models based on differ-
ent physical assumptions, dynamic topography set-up, depth and
temperature dependence of viscosity, density of the basal layer and
initial age are shown in Table 1. In addition, the reference Rayleigh
number, initial age and chemical density of the basal layer are sys-
tematically varied across four series of models in Table S1 in the
Supporting Information. A total of 30 models is presented, with five
models listed in both Table 1 and Supplementary Table S1 in the
Supporting Information.
3.1 Dynamic topography
3.1.1 Previously published residual dynamic and residual
topography models
Amplitude spectra from the residual topography models (Fig. 1a)
and present-day dynamic topography models (Fig. 1b) reported in
Flament et al. (2013), Hoggard et al. (2016) and Yang & Gurnis
(2016) confirm that mantle flow models generally predict larger am-
plitudes than residual topography models at low spherical harmonic
degrees (∼1–5) and smaller amplitudes than residual topography
models for spherical harmonic degrees greater than 5 or 9 (Hog-
gard et al. 2016), depending on the flow model (Fig. 1b).
Out of the considered residual topography models, amplitudes
are smallest for degrees 1–12 in the model of Hoggard et al. (2016)
that uses the plate model of Crosby & McKenzie (2009) as ref-
erence (Fig. 1a), and amplitudes are largest for degrees 1–12 in
the model of Flament et al. (2013) in which the mean elevation
was removed in the continents, without attempting to compute the
isostatic contribution of the continental lithosphere to topography.
In the continents, the other considered residual topography mod-
els consider either the effect of the continental crust (Steinberger
2007), of the continental crust and lithosphere (Panasyuk & Hager
2000; Kaban et al. 2003) or a scaling of filtered free-air gravity
anomalies based on a constant admittance (ratio of gravity to to-
pography) value (Hoggard et al. 2016). However, with respect to
the latter model, the global structure and isostasy of the continental
crust and lithosphere remain poorly known, and admittance cannot
be considered constant because it depends on wavelength (Colli
et al. 2016). Considering crustal isostasy based on a global model
of crustal thickness as opposed to scaling free-air gravity anomalies
using a constant admittance did not significantly affect the power
spectrum of residual topography obtained by Hoggard et al. (2016).
Amplitudes are largest at degrees two and three in the models of
Yang & Gurnis (2016) that are spherical harmonics expansion up
to degree three of either part (high accuracy, ‘HA’ on Fig. 1a) or all
(‘all’ on Fig. 1a) of the spot constraints of Hoggard et al. (2016). The
amplitude of the residual topography model of Hoggard et al. (2016)
that uses the half-space cooling model as a reference is comparable
to other models for degrees 1–12 (Fig. 1a).
The dynamic topography from the mantle flow models of Ricard
et al. (1993), Conrad & Husson (2009) and Flament et al. (2013),
present much smaller amplitudes than residual topography models
for spherical harmonic degrees >4, 5 and 6, respectively. This small
amplitude at short wavelengths reflects that these models are dom-
inated by large-scale structures: the models of Ricard et al. (1993)
and Flament et al. (2013) are based on subduction histories, and the
model of Conrad & Husson (2009) is based on the smooth tomogra-
phy model S20RTSb (Ritsema et al. 2004). In contrast, the spectral
distribution of dynamic topography amplitude from the flow mod-
els of Steinberger (2007), Spasojevic & Gurnis (2012) and Yang
& Gurnis (2016) is mostly compatible with residual topography
models for degrees 4–8, which reflects that these models contain
smaller scale structures as they are either based on several tomogra-
phy models (Steinberger 2007) or on combinations of tomography
and slab models (Spasojevic & Gurnis 2012; Yang & Gurnis 2016).
Nevertheless, the amplitude at degree two in the dynamic topogra-
phy from these three models is ∼1.5–2.5 times larger than in the
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(a)
(b)
Figure 6. Quantitative match between predicted lowermost mantle thermochemical structures in flow models and LLSVPs in seismic tomography models.
(a) Sensitivity and (b) accuracy with which the geographical distribution of clusters of mantle temperature between 1000 and 2800 km depth predicted by 12
mantle flow model cases reproduce the geographical distribution of clusters of seismic velocity anomalies between 1000 and 2800 km depth for seven S-wave
tomography models.
residual topography model of Yang & Gurnis (2016) and more than
twice as large than other residual topography models (Fig. 1b).
The correlation between these previously published dynamic to-
pography from mantle flow models and residual topography models
is largest at degree two, negative at degree four, and essentially
zero for degrees larger than seven (Fig. 1c). The average correla-
tion between dynamic and residual topography models is 0.45 for
degrees 1–3 (Table 1), and 0.04 for degrees 4–12, confirming that
both dynamic and residual topography are best resolved at long
wavelengths (Yang & Gurnis 2016).
3.1.2 Effect of model parameters on the predicted dynamic
topography amplitude spectrum
The amplitude of predicted dynamic topography (Table 1 and Ta-
ble S1, Supporting Information) and the spectral distribution of√
power (or amplitude) varies with model parameters (Fig. 4). For
the series of models considered here, the most sensitive param-
eter is the reference Rayleigh number Ra (Fig. 4b): using Ra =
7.8 × 107 gives a dynamic topography with amplitude of same
order of magnitude as the models presented in Fig. 1, suggest-
ing that combined with the kinematic BCs used, Ra = 7.8 × 107
results in an Earth-like convective regime. This is not the case
when the reference Rayleigh number is increased by a factor of
10 or decreased by a factor of 10 or 100 without scaling plate ve-
locities (see Section 4): for case C13 with Ra = 7.8 × 108 the
amplitude of dynamic topography is 8–10 times greater than for
case C1, and for cases C11 and C12 with Ra = 7.8 × 106 and
7.8 × 105, respectively, the amplitude of dynamic topography is
∼12–35 times smaller than for case C1 (Fig. 4b). Fast sinking slabs
for a large reference Rayleigh number give large amplitudes of dy-
namic topography, whereas slabs do not sink to the lower mantle for
small reference Rayleigh numbers, resulting in small amplitudes of
dynamic topography (see Section 4).
The second most important factor is the preservation of LVVs
in the outer shell when computing dynamic topography (Figs 4a
and 5): the amplitude of dynamic topography in case C1∗ (in which
LVVs are not preserved) is smaller than in case C1 (in which LVVs
are preserved) except at degree one, and the slope of the amplitude
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(a)
(b)
(c)
Figure 7. Spatial match between predicted lowermost mantle structure and
that inferred from seismic tomography. Orange (true positive) indicates high-
temperature model cluster and low-velocity tomography cluster, grey (true
negative) indicates low-temperature model cluster and high-velocity tomog-
raphy cluster, green (false positive) indicates high-temperature model clus-
ter and high-velocity tomography cluster and blue (false negative) indicates
low-temperature model and low-velocity tomography clusters. Present-day
coastlines are shown in black. Results are shown for tomography model
savani (Auer et al. 2014) and (a) case C6, (b) case C8 and (c) case C9.
spectrum is steeper for case C1∗ than for case C1, so that the dif-
ference in predicted amplitude increases with spherical harmonic
degree. Slabs act as stress guides when LVVs are preserved (Fig. 5c),
which results in more negative dynamic topography, increasing am-
plitudes at larger spherical harmonic degrees (Fig. 4a) and slightly
modifying the distribution of positive and negative dynamic topog-
raphy because the mean dynamic topography, which is removed in
the calculation, is different between the two cases (Figs 5a and c).
The third most important factor is the physical assumption on
which the model is based. The slope of the amplitude spectrum for
Boussinesq case C2 is much steeper than for extended-Boussinesq
and TALA model cases (Fig. 4a), which makes Boussinesq models
less compatible with residual topography models.
The amplitude of present-day dynamic topography increases on
average by a factor of ∼4.5 at degrees 1–3 and a factor of two for
degrees 4–12 as the model start age a0 increases from 50 to 200
Ma, and on average by a factor of ∼15 per cent for degrees 1–3
and ∼25 per cent for degrees 4–12 as a0 increases from 200 to 410
Ma (Fig. 4d). This increase in amplitude reflects the time it takes
for slabs to sink into the mantle from their initial depth and trigger
broad passive upwelling and focused active mantle plumes. The
modest amplitude increases, especially at long wavelength, as a0
increases from 200 to 410 Ma reflects that convection is established
in a relative dynamic equilibrium for a0 > 200 Ma when slabs are
initially inserted to 1200 km depth.
The chemical buoyancy of the basal layer has a small effect on
the present-day amplitude of dynamic topography (Fig. 4c). The
amplitude is similar for cases C1, C20, C9, C21 and C23, and ∼30
per cent greater in case C22, which reflects the presence of larger
mantle plumes at present day in case C22 than in other cases. The
buoyancy of the basal layer and thickness of the thermal boundary
layer influence the number, spacing and size of plumes (Jellinek
& Manga 2002; Zhong 2005), and plume activity is observed to
be episodic, which affects the amplitude of predicted present-day
dynamic topography.
Using a no-slip surface BC increases the amplitude of dynamic
topography on average by ∼23 per cent at degrees 1–3 and by
∼13 per cent at degrees 4–12 (Fig. 4e), which is consistent with
previous findings (Thoraval & Richards 1997). Ignoring sources
of buoyancy above 250 km instead of above 350 km increases the
amplitude of dynamic topography on average by ∼14 per cent at
degrees 1–3 and by ∼36 per cent at degrees 4–12 (Fig. 4f), with the
larger difference for degrees 4–12 primarily reflecting an increase
in dynamic topography at subduction zones and mantle plumes.
3.1.3 Effect of model parameters on the predicted amplitude of
dynamic topography
For the cases reported in Table 1, the maximum dynamic topography
is lower than 1000 m for cases C6 (low viscosity asthenosphere),
and C7 (in which the lower-mantle activation energy and activation
volume are smaller than for case C1). The maximum dynamic to-
pography is greater than 2000 m, which is difficult to reconcile with
global models of residual topography (e.g. Flament et al. 2013), for
cases C4 (no viscosity layering) and C9 (δρch= +2.8 per cent). The
minimum dynamic topography is less than −10 000 m, which is ex-
pected to give deeper bathymetry than observed at oceanic trenches,
for cases C4 (no viscosity layering) and C8 (negative lower-mantle
activation energy).
The amplitude of predicted dynamic topography at degree two h2
is between 900 and 1100 m (comparable to the amplitude of residual
topography from Yang & Gurnis 2016; Fig. 1a) for cases C3 (TALA
model case), C4 (no viscosity layering), C5 (low viscosity transition
zone) and C8 (negative lower-mantle activation energy), and it is
equal to or greater than 1400 m, which is about 50% more than
in the residual topography models of Yang & Gurnis (2016), for
cases C1# (no slip BC) and C2, F13∗ and F17∗ (Boussinesq model
cases). Overall, the model best fitting considered constraints on
dynamic topography is TALA model case C3 (Table 1 and Table
S1, Supporting Information), although differences between model
cases are relatively small.
3.1.4 Comparison between dynamic and residual topography
The average correlation was computed for degrees 1–3 between each
model case and the residual topography models presented on Fig. 1,
using the model of Hoggard et al. (2016) that is based on the plate
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Figure 8. Present-day mantle temperature. (a) Temperature anomalies with respect to the mean temperature at 2677 km depth for case C6. Grey outlines are
present-day coastlines, red lines are subduction zones with triangles on the overriding plate and yellow lines are mid-ocean ridges and transform faults. The
brown contours indicate 50 per cent concentration of dense material. The green line is the location of the cross-section shown in (b). (b) Mantle temperature
anomalies along the cross-section shown in (a). The dashed grey line is the upper–lower-mantle boundary and the green dotted line is the depth for which a map
is shown in (a). The brown contours indicate 50 per cent concentration of dense material. (c) and (e) Same as (a) for cases C8 and C9. (d) and (f) Same as (b)
for cases C8 and C9. Numbers above the colour palette refer to non-dimensional temperature anomalies, and numbers below the colour palette to dimensional
temperature anomalies.
model, and not considering the models of Yang & Gurnis (2016) that
are geographically similar to that of Hoggard et al. (2016) for de-
grees 1–3. The correlation ranges between 0.31 and 0.55, compared
to a correlation of 0.45 between previously published dynamic to-
pography models and the same residual topography models (Fig. 1c
and Table 1). The correlation is best, and equal or greater to the ref-
erence (0.45), for cases and C2 and F13∗ (Boussinesq model cases),
C3 (TALA model case), and it is poorest for cases C4 (no viscosity
layering) and C5 (low viscosity transition zone). The correlation is
largest for case F13∗, but the amplitude of dynamic topography at
degree two is large in that case (Fig. 1 and Table 1). As for previ-
ously published models (Fig. 1c), the correlation is poor for degrees
4–12.
Following Steinberger (2016), Yang & Gurnis (2016) and Zahi-
rovic et al. (2016), I compared the present-day dynamic topography
predicted by cases C1∗ and C1 to the most accurate spot constraints
of Hoggard et al. (2017) that were available at 1161 locations in the
oceanic realm, predominantly along passive continental margins
(Fig. 5). The standard deviation σ between dynamic and residual
topography is 656 m for case C1∗ (Fig. 5b) and 646 m for case
C1 (Fig. 5d), compared to σ = 307 m between the global residual
topography model of Hoggard et al. (2016), and the high-accuracy
spot constraints of Hoggard et al. (2017). The standard deviation is
similar for models C1∗ and C1 (Figs 5b and d), despite the difference
in amplitude spectra (Fig. 4a) and dynamic topography at subduc-
tion zones (Figs 5a and c), because the data set of Hoggard et al.
(2017) mostly samples locations away from the largest amplitudes
of dynamic topography for case C1 (Fig. 5c). As a result, the overall
distribution of points is similar in Figs 5(b) and (d), with slightly
more pronounced trend towards negative residual and dynamic to-
pography (bottom left quadrant) in Fig. 5(d). The main differences
(> 2σ ), indicated by stars in Fig. 5, occur in the North Atlantic,
where the positive dynamic topography associated with the Iceland
plume is not easily captured by the model presented here (Barnett-
Moore et al. 2017a), in the Black Sea, where negative residual to-
pography is large, in the Arabian Sea and in the Gulf of Mexico for
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Figure 9. Present-day mantle viscosity. (a) Viscosity at 2677 km depth for case C6. Black outlines are present-day coastlines, grey lines are mid-ocean ridges
and transform faults, and other lines are as in Fig. 8. (b) Viscosity along the cross-section shown in green in (a). The dashed black line is the upper–lower-mantle
boundary and other lines are as in Fig. 8. (c) and (e) Same as (a) for cases C8 and C9. (d) and (f) Same as (b) for cases C8 and C9.
case C1, where residual topography is positive and dynamic topog-
raphy is negative. Variations in residual topography along the west
African margin of wavelength ∼2000 km (Hoggard et al. 2017) are
not captured by the flow models (Fig. 5). It is clear from this analysis
that the presented models do not closely match the high-accuracy
residual topography spot constraints of Hoggard et al. (2017), and
the analysis presented for cases C1∗ and C1, which does not con-
sider the error availaible for each spot constraint (Hoggard et al.
2017), is not carried out for other model cases.
3.2 Lower-mantle structure and core–mantle boundary
heat flow
3.2.1 Fit to large low shear velocity provinces as imaged by
global tomography models
The sensitivity (also called recall or true positive rate) with which
model the geographical distribution of cluster for model cases re-
produce tomography models is smaller than the accuracy (Table 1
and Fig. 6), which measures the area of success over the whole area
and is large because of the large area of true negatives (grey areas
in Fig. 7). Larger sensitivities tend to correspond to larger accura-
cies (Table 1), which reflects that the areas of false positives (green
areas in Fig. 7) and true negatives vary relatively little between
models. The sensitivity ranges between 0.40 and 0.66, compared
to an average sensitivity equal to 0.75 between the seven consid-
ered tomography models, and the accuracy ranges between 0.56
and 0.77, compared to an average accuracy equal to 0.83 between
the seven considered tomography models (Table 1). The sensitivity
and accuracy are largest for cases C2 and F17∗ (Boussinesq model
cases) and C8 (negative lower-mantle activation energy), and small-
est for case F13∗ (no thermal boundary layer in the initial condition,
and no dense basal layer; Table 1 and Fig. 6). The accuracy is rela-
tively large for case C9 (δρch= +2.8 per cent) and for case C7 (small
lower-mantle activation energy and activation volume). The average
accuracy is smaller for tomography model GyPSuM-S (Simmons
et al. 2010) than for other tomography models, and the average
sensitivity is largest for SEMUCB-WM1 (French & Romanowicz
2014) than for GyPSuM-S (Simmons et al. 2010). GyPSuM-S is
different from the other tomography models considered here in that
it is based on geodynamic and mineral physics constraints as well
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Figure 10. Fit between cold mantle and fast seismic velocity anomalies. (a)
Area of slabs in tomography vote maps of fast seismic anomalies (Shephard
et al. 2017) and in three model cases based on different physics approxi-
mations, defined as mantle 2 per cent colder than ambient. (b) Sensitivity
with which three model cases match vote maps of fast seismic anomalies as
a function of depth. (c) Accuracy with which three model cases match vote
maps of fast seismic anomalies as a function of depth.
as seismic data. Both the sensitivity and accuracy increase as a0 in-
creases from 50 to 300 Ma (Table S1, Supporting Information), con-
firming that the tectonic history shaped the LLSVPs over hundreds
of million years (Bunge et al. 1998; McNamara & Zhong 2005;
Flament et al. 2017). Overall, Boussinesq and extended Boussinesq
model cases considering a negative lower-mantle activation energy
give the best fit to LLSVPs (Table 1 and Table S1, Supporting
Information).
The low-velocity cluster covers between 27 and 35 per cent of
the total area for the considered tomography models; it is largest
for GyPSuM-S (35 per cent), and smallest for HMSL.S (27 per
cent). In comparison, the high-temperature cluster covers between
21 and 66 per cent of the total area for the 30 model cases consid-
ered. The area of the high-temperature cluster falls within the range
of the areas of low-velocity cluster from tomography for cases C2
and F17∗ (Boussinesq model cases) C8 (negative lower-mantle ac-
tivation energy) and C9 (δρch= +1.9 per cent). The area covered
by the low-velocity cluster for tomography model savani is 27 per
cent (Fig. 7), and that covered by the high-temperature cluster is
53 per cent for case C6 (Fig. 7a), 31 per cent for case C8 (Fig. 7b)
and 35 per cent for case C9 (Fig. 7c). The area covered by the
high-temperature cluster is smaller in C9 than in C6 because the
density of the basal layer is lower (δρch= +2.8 per cent for C9 and
δρch= +4.7 per cent for C6), which promotes active upwelling
(Fig. 8), resulting in doughnut-shaped and thinner basal thermo-
chemical structures under Africa and the Pacific (Figs 7 and 8).
The area covered by the high-temperature cluster is smaller in C8
than in C6 and C9 because thermochemical structures are more
viscous in the absence of pronounced lateral viscosity contrasts
in the lower mantle in case C8 (Figs 3b, 9c and d), which re-
sults in thicker basal thermochemical structures (Figs 8 and 9). The
large viscosity pre-factor in case C8 (Table 1), selected to obtain
a reasonable viscosity profile (Fig. 3b), imposes large viscosities
(Figs 9e and f) and overrides the effect of temperature dependence
that would otherwise make hot mantle stiffer than cold mantle with
a negative activation energy. The model African basal structure ex-
tends thermally approximately 1000 km upward from the CMB in
model C8, which is consistent with seismological constraints (Ni
et al. 2002), whereas the model African structure is thermally only
∼ 500 km thick in cases C6 and C9 (Fig. 8). With the param-
eters used, the model African structure is chemically ∼200–300
km thick, and it is thickest in case C8 (Figs 8 and 9). The tem-
perature within the model African basal structure is larger in case
C9 (approximately + 1000 K) than in cases C8 (approximately
+700 K) and C6 (approximately + 400 K). Recent seismologic
constrains suggest that the temperature within the Africa LLSVP
is between +250 and + 800 K (Liu & Grand 2018), and out of
the shown on Fig. 8, cases C6 and C8 are consistent with this
constraint.
3.2.2 Fit to lower mantle slabs as imaged in vote maps of global
tomography models
As with the cluster analysis of deep mantle thermochemical struc-
tures, the sensitivity with which model slabs reproduce vote maps
of fast seismic velocity anomalies is smaller than the accuracy (Ta-
ble 1 and Fig. 11), which is large because of the large area of true
negatives (grey areas in Fig. 12). However, contrary to the fit to
deep mantle thermochemical structures, larger sensitivities do not
tend to correspond to larger accuracies (Table 1 and Fig. 11), which
reflects that the areas of false positives (green areas in Fig. 12) and
true negatives varies between models. This variation is attributed
to the differences in slab area as a function of depth across man-
tle flow model cases and tomography vote maps (Fig. 10a). The
general increase in relative slab area with depth is more marked in
flow models than in tomography vote maps, especially for Boussi-
nesq case C2 (Fig. 10a). This increasing slab area with depth
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Figure 11. Quantitative match between predicted cold lower mantle and fast seismic anomalies in tomography models. (a) Depth-averaged sensitivity and (b)
depth-averaged accuracy with which the geographical distribution of cold mantle temperature between 7000 and 2400 km depth predicted by 12 mantle flow
model cases reproduce the geographical distribution of fast seismic velocity anomalies between 700 and 2400 km depth for three vote maps of fast seismic
anomalies (Shephard et al. 2017).
results in an increase of the area of false positives with depth
(Fig. 12, green areas) that is reflected in the decrease in accuracy
with depth (Fig. 10c). The sensitivity tends to be largest between
700 and 1000 km depth (Fig. 10b). The sensitivity is largest for
the S-wave vote map, and smallest for the combined vote map, and
the accuracy is largest for the combined vote map (Fig. 11). This
reflects that the slab area is smallest for the combined vote map and
largest for the S-wave vote map (Fig. 10a).
The depth-averaged sensitivity ranges between 0.33 and 0.38
in Table 1, compared to 0.76 between the three tomography vote
maps, and the depth-averaged accuracy ranges between 0.69 and
0.74 in Table 1, compared to 0.89 between the three tomography
vote maps. The sensitivity is relatively large for cases C4 (no vis-
cosity layering) and C8 (negative lower mantle activation energy),
although differences with other model cases are relatively small.
The sensitivity is relatively small for cases C2 (no viscosity layer-
ing), C6 (low viscosity transition zone) and C10 (a0 = 410 Ma). The
accuracy is relatively large for cases C3 (TALA model case) and
C9 (δρch= +2.8 per cent), again with little difference compared to
other model cases. The accuracy is slightly smaller than other cases
for cases C2 and F17∗ (Boussinesq model cases) and C10 (a0 = 410
Ma). The sensitivity study shows that a0 = 50 Ma and δρch= +1.9
or +0 per cent gives the best fit to lower mantle slabs (Table 1 and
Table S1, Supporting Information).
3.2.3 Core–mantle boundary heat flow
The predicted CMB heat flow QCMB, which is independently con-
strained to be between 5 TW and 13 TW (Jaupart et al. 2007), is
related to the volume of lower mantle slabs, because larger areas of
cold material just above the CMB increase the temperature gradient
and therefore QCMB. Indeed, QCMB is large and approximately equal
to 10 TW for extended Boussinesq cases, which all include a basal
thermal boundary layer in the initial condition. QCMB is smaller than
5 TW when the viscosity of the lower mantle is large (case C6) or
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Figure 12. Spatial match between predicted cold lower-mantle and fast seismic anomalies in tomography models. Orange (true positive) indicates cold mantle
and fast seismic velocity, grey (true negative) indicates areas that do not fall within mantle 2 percent colder than ambient or within the tomography vote map,
green (false positive) indicates cold mantle but area outside the tomography vote map and blue (false negative) indicates areas that do not fall within mantle
2 per cent colder than ambient but are seismically fast according to the vote map. Present-day coastlines are shown in black. Results are shown at indicated
depths for case C7 and 6–14 votes in the combined vote map of fast seismic anomalies (Shephard et al. 2017).
when the activation energy of the lower mantle is negative (case C8;
Table 1), which results in small lower mantle slab volumes, and for
case F13∗ that does not consider a basal thermal boundary layer in
the initial condition. QCMB generally increases from ∼7 to ∼10 TW
(which is consistent with the results of Davies et al. 2012) as the
density of the basal layer decreases (Table S1, Supporting Informa-
tion), because a smaller area of hot material is present immediately
above the CMB (Fig. 7c). The predicted present-day surface heat
flow mostly results from the assimilated structure of the lithosphere,
and it ranges between 39 and 41 TW across all model cases.
4 D I S C U S S I O N
4.1 Dynamic topography
4.1.1 Effect of the physical assumption and model set-up on the
amplitude spectrum
Preserving LVVs in the outer part of the mantle in the calculation of
dynamic topography increases the amplitude of dynamic topogra-
phy for spherical harmonics degrees larger than one and decreases
the slope of the amplitude spectrum from degree two to higher
degrees (Fig. 4a), primarily because the amplitude of dynamic to-
pography is increased above high-viscosity subducting slabs that act
as stress guides (Figs 5a and c). Using the extended-Boussinesq or
TALA reduces the amplitude of dynamic topography for spherical
harmonic degrees smaller than five and increases it for spherical
harmonic degrees larger than five, resulting in amplitude spectra
that more favourably compare to residual topography amplitude
spectra (Fig. 4a). Although most models present a marked dip in
dynamic topography amplitude at degree 12 (Fig. 4), the ampli-
tude is significant to degree 30 in extended-Boussinesq and TALA
model cases (Fig. 13). The amplitude spectra of dynamic topogra-
phy predicted by Boussinesq models are incompatible with residual
topography models, as pointed out by Hoggard et al. (2016) (Ta-
ble 1 and Fig. 4a). However, the amplitude spectra of dynamic
topography predicted by extended-Boussinesq and TALA mod-
els are consistent with residual topography models (Table 1 and
Fig. 13).
The amplitude spectra for cases C4 and C8 are most compatible
with the residual topography amplitude spectra of Hoggard et al.
(2016) and Yang & Gurnis (2016), although the amplitude of dy-
namic topography for these cases is larger than residual topography
at degree one and smaller at degree 12 (Fig. 13). For these two cases,
the absence of a viscosity jump at 670 km depth (Fig. 3b) results
in more vertical slabs (Figs 8 and 9) and more focused and more
negative dynamic topography above sinking slabs (hmin in Table 1),
which increases amplitudes at higher degrees. With limited advec-
tive thickening in the absence of a viscosity jump at 670 km depth
(e.g. Ricard et al. 1993), the volume of slabs entering the lower
mantle is relatively small for cases C4 and C8, which results in less
pronounced large-scale upwelling in response to sinking slabs, and
decreases the amplitude of long-wavelength dynamic topography
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Figure 13. Amplitude (
√
power) spectra of dynamic topography and residual topography models. Results are shown for degrees 1–30 and five model cases.
‘Y16’ Yang & Gurnis (2016); ‘H16’: Hoggard et al. (2016); ‘RT – all’: residual topography for all spot estimates from H16; ‘PM’: plate model; ‘HSCM’:
half-space cooling model and ‘DT’: dynamic topography.
(Figs 4a and 13). However, a viscosity jump by a factor of 30–40
at 670 km depth has long been known to be required to match the
geoid (Hager 1984; Ricard et al. 1993), which rules cases C4 and
C8 out as preferred model cases. A low-viscosity transition zone
(case C5) as proposed by Yang & Gurnis (2016) and Liu & Zhong
(2016) reduces amplitudes for degrees larger than one with respect
to the reference case C1, and decreases the fit to residual topography
amplitude spectra (Fig. 13).
When comparing the spectral distribution of dynamic topogra-
phy amplitude and residual topography amplitude up to degree 30,
it is important to keep in mind that the validity of the expansion of
residual topography constraints to degrees 30 (Hoggard et al. 2016)
is debated (Yang & Gurnis 2016; Yang et al. 2017). In addition, the
correlation between published dynamic topography and residual to-
pography models is poor beyond degree three (Fig. 1c), and the
short-wavelength dynamic topography features in the flow models
presented here are associated with slabs and do not correspond to
the location of available spot constraints (Fig. 5c). Steinberger et al.
(2017) obtained better correlation up to degree 15 (∼0.7) between a
residual topography model modified from Hoggard et al. (2016) for
the continents, and the dynamic topography from an instantaneous
mantle flow model for the present day in which sources of buoyancy
were derived from seismic tomography model SL2013sv (Schaeffer
& Lebedev 2013) above 200 km depth and a 2010 update of the
S-wave model of Grand (2002) below 200 km depth. Steinberger
et al. (2017) calculated dynamic topography considering all sources
of buoyancy in the oceans, and sources of buoyancy deeper than
150 km depth in the continents. The dynamic topography
of Steinberger et al. (2017) is markedly different from that
presented in Figs 5(a) and (c), which primarily reflects that
palaeogeographically constrained mantle flow models do not
capture the structure of the lithosphere and uppermost man-
tle with the same level of detail as upper-mantle tomogra-
phy (Schaeffer & Lebedev 2013). The palaeogeographically con-
strained mantle flow models presented here may be used to pre-
dict the evolution of past dynamic topography at wavelengths
> 10 000 km.
4.1.2 Effect on the geoid
The geoid, which is better constrained than residual topography,
is a powerful constraint on instantaneous mantle flow models for
the present-day based on seismic tomography (e.g. Hager 1984;
Hager & Clayton 1989) or on the Cenozoic and Mesozoic subduc-
tion history (Ricard et al. 1993). I computed the geoid to spherical
harmonic degree eight for case C9∗ (δρch= +2.8 per cent; with-
out LVVs in the computation of dynamic topography; Fig. 14b) and
C9 (δρch= +2.8 per cent; with LVVs in the computation of dynamic
topography; Fig. 14d). The amplitude of the predicted geoid is be-
tween −179 and 272 m for case C9∗, and between −209 and 114
m for case C9, compared to between −117 and 103 m for EGM96
(Lemoine et al. 1998; Fig. 14e). The correlation with EGM96 for
degrees 1–3 is 0.49 for C9∗ and 0.42 for C9, and the largest cor-
relation for the models presented here is 0.64 for F13∗, which is
less than the correlation obtained for the present-day mantle struc-
ture derived from a simpler mechanical model (>0.8; Ricard et al.
1993). The significant difference between the geoid predicted for
cases C9∗ and C9 (Figs 14b and d) for comparatively small differ-
ences in dynamic topography (Figs 14a and c) reflects the sensitivity
of the geoid to dynamic topography (e.g. Hager 1984; Ricard et al.
1993). The correlation is larger for C9∗ than for C9, however the
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Figure 14. Sensitivity of the predicted geoid to the predicted dynamic topography. (a) Dynamic topography and (b) geoid expanded up to spherical harmonic
degree eight for case C9∗, in which LVVs are not preserved when computing dynamic topography. (c) Dynamic topography and (d) geoid expanded up to
spherical harmonic degree eight for case C9, in which LVVs are preserved when computing dynamic topography. (e) Geoid EGM96 (Lemoine et al. 1998)
expanded up to spherical harmonic degree eight.
spectral distribution of dynamic topography amplitude computed
without preserving LVVs does not fit the spectral distribution of
amplitude the amplitude of residual topography in global models
(Fig. 4a). The smaller amplitude of dynamic topography to degree
eight in case C9∗ (−760 to 783 m, compared to −1140 to 948 m
for case C9) results in larger geoid amplitudes than in model C9.
The larger amplitude of the geoid predicted by cases C9 and C9∗
than of the observed geoid could reflect that phase changes, and the
associated topography at phase boundaries, which have been shown
to have a small effect on dynamic topography (Steinberger 2007,
2016), have been neglected in the models.
The general poor correlation between predicted and observed
geoid and the sensitivity of predicted geoid to dynamic topography
(Fig. 14) confirms that it is difficult to match the geoid from forward
mantle flow models. Nerlich et al. (2016) presented reconstructions
of past mantle flow that are consistent with the prominent geoid
low under India, but these reconstructions do not simultaneously
predict the geoid highs under Africa and Southeast Asia. Together
with the results from this study, this illustrates that matching the
geoid with geodynamic models is best achieved by optimizing the
internal density and viscosity structure and dynamic topography in
instantaneous flow models based on seismic tomography models
(Hager 1984; Hager & Clayton 1989; Thoraval & Richards 1997;
Moucha et al. 2007; Liu & Zhong 2016; Steinberger 2016; Yang
& Gurnis 2016; Steinberger et al. 2017), because of the summative
nature of the gravity field. Ricard et al. (1993) derived present-day
mantle heterogeneities from a relatively simple mechanical model
of past subduction, and optimized mantle properties to fit the geoid.
The present-day structure of the mantle predicted by the models
presented here could be used in future work in instantaneous flow
models to improve the fit to the geoid. The dynamic topography
predicted by instantaneous flow models fitting the geoid is different
from Earth’s topography that is dominated by isostatic topogra-
phy (see Flament 2014 for an illustration). Indeed, because of this
inconsistency and of the sensitivity of the geoid to topography,
Steinberger (2016) compared the geoid predicted by a flow model
to spherical harmonic degree 31 to a ‘mantle geoid’ from which
the contribution of the crust was removed based on a (relatively
poorly constrained) global model of crustal thickness (Laske et al.
2013). Although present-day dynamic topography is not as well
constrained as the long-wavelength geoid, it is more straightfor-
ward to relate the temporal evolution of dynamic topography than
that of the geoid to geological observations, making time-dependent
inversions possible (Liu et al. 2008).
4.2 Lower-mantle structure
4.2.1 Fit between model slabs and lower-mantle fast seismic
anomalies
The mantle flow models presented here better match the LLSVPs
than the slabs as imaged by tomography (Figs 6 and 11, Table 1
and Table S1, Supporting Information), which primarily reflects
that LLSVPs are larger structures than slabs (Figs 7 and 12). In-
deed, geodynamic models of mantle flow have been shown to best
match tomography models at scales larger than ∼6500 km (Becker
& Boschi 2002; Steinberger et al. 2012). The sensitivity with which
the models reproduce lower-mantle fast seismic anomalies (0.3–0.4,
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Fig. 10b, Table 1 and Table S1, Supporting Information) is slightly
better than the fit scores obtained by (Shephard et al. 2012) (0.1–
0.4) between 1400 and 2400 km depth, although the two analysis
are not directly comparable since they are based on different thresh-
olds for slabs, different tomography models and different fit score
definitions.
The main geographic regions of misfits between the high-
temperature cluster from the mantle flow model cases and the low-
velocity cluster from tomography models are the northern half of
the African continent (false negative) and the northeast of the Pa-
cific Ocean (false positive) (Fig. 7). These misfits are reflected in
the geographic match between model slabs and tomography vote
maps (Fig. 12). The flow model does not reproduce fast velocity
anomalies at 700–850 km depth beneath Africa, and it predicts cold
anomalies between 1450 and 2150 km depth that are not imaged by
tomography (Fig. 12). This latter mismatch, which suggests that the
tectonic complexity of the western Neo-Tethys Ocean (e.g. Maffione
& van Hinsbergen 2018) is difficult to capture in global tectonic
reconstructions (Hosseinpour et al. 2016), is less pronounced in
model cases such as case C1 that consider a smaller viscosity jump
at the upper–lower-mantle boundary (Barnett-Moore et al. 2017b)
than case C7 (Fig. 3b). The flow models do not predict fast veloc-
ity anomalies deeper than ∼1150 km under the north and north-
east Pacific Ocean, that have been proposed to be associated with
Cretaceous intra-oceanic subduction to the west of North America
(Sigloch & Mihalynuk 2013; Domeier et al. 2017), and to be below
a mantle upwelling associated with a geoid low (Spasojevic et al.
2010). However, the tectonic reconstructions used in this study re-
sult in a good prediction of the east dipping Farallon slab that is
east dipping and extends under the North Atlantic Ocean in the
lower mantle (Fig. 12; Bower et al. 2015). This suggests that while
intra-oceanic subduction to the west of North America appears to
be lacking in the reconstructions, this subduction was short-lived
and possibly associated with the closing of backarc basins, as op-
posed to the interpretation of Sigloch & Mihalynuk (2013) who
attributed the Farallon slab to long-lived, stationary intra-oceanic
subduction. The tectonic model of Sigloch & Mihalynuk (2013) is
problematic because intra-oceanic subduction zones are well known
to retreat (Royden & Husson 2006), so that long-lived intra-oceanic
subduction zones should retreat and cannot be stationary.
Fast anomalies deeper than 1450 km under India are not well
captured by case C7, which reflects that existing tectonic scenar-
ios invoking an intra-oceanic subduction zone between India and
Eurasia (e.g. Zahirovic et al. 2012) do not yet capture the mantle
structure in this region (Van der Voo et al. 1999). The east-dipping
Nazca slab under South America and the South Atlantic Ocean ex-
tends below 1150 km in the flow model (Fig. 12; Flament et al.
2014), but not south of ∼30◦ in the tomography models, which may
be due to relatively poor tomographic resolution (Li et al. 2008).
Alternatively, Faccenna et al. (2017) proposed that the Nazca slab
entered the lower mantle ∼50 Myr ago, and that the anchoring of
the slab in the lower-mantle-triggered Andean mountain building.
Possible future extensions of this study include modifying tectonic
reconstructions to improve the fit to lower-mantle slabs, and design-
ing a procedure to minimize the misfit between slabs predicted by
flow model and imaged by tomography.
4.2.2 Slab sinking rates
How well model cases match LLSVPs and lower mantle slabs as
imaged by seismic tomography (Table 1, Figs 6, 7, 11 and 12) is
closely linked to the rate at which slabs sink into the lower mantle,
which I computed as in Hassan et al. (2015) following the advec-
tion of points at 250 km depth along subduction zones at 230 Ma
(Fig. 15). The sinking of slabs for selected models was compared to
constraints from Butterworth et al. (2014; Fig. 15), derived by jointly
analysing global tomoatgraphy models and tectonic reconstructions
(van der Meer et al. 2010). Slab sinking varies significantly between
model cases, and there are also significant lateral variations within
a model case due to differences in the age of the subducting litho-
sphere and the motion of the trench. For example, the standard
deviation increases from ∼50 m after 10 Myr to ∼550 m after
230 Myr for case C7 (Fig. 15). Important variations are also ex-
pected in nature, and seismic tomography models suggest that while
some slabs directly enter the lower mantle, others stagnate at the
upper–lower-mantle boundary (Li et al. 2008), a phenomenon that
has been documented in the flow models along the East Asian mar-
gin in the last 40 Myr (Seton et al. 2015). Slab sinking relates to
the Stokes sinking velocity, which is proportional to the driving
density contrast and to the size of the sinking object (e.g. radius
of a sinking sphere) and inversely proportional to the background
viscosity.
In case C13 (Ra = 7.8 × 108), slabs sink to ∼2300 km depth
in ∼50 Myr, which is much faster than suggested by available
constraints (∼2300 km in ∼170 Myr), and the tracked particles are
entrained upward by convection from 50 Myr. In contrast, in case
C11 (Ra = 7.8 × 105) convection is sluggish and slabs generally do
not penetrate the lower mantle much and take 230 Myr to sink down
to ∼750 km depth, whereas constraints suggest this depth is reached
in ∼50 Myr. The increase in slab sinking rates with the reference
Rayleigh number Ra is expected because Ra and the Stokes sinking
velocity are both inversely proportional to viscosity. The sinking
rates for cases based on Ra = 7.8 × 107 (cases C1, C2, C7–C9
on Fig. 15) are comparable to constraints, which confirms that this
reference Rayleigh number, combined with imposing unscaled plate
velocities in the assimilation framework of Bower et al. (2015),
results in an Earth-like convective regime. An alternative approach
to ensure models are in an Earth-like convective regime is to scale
model time using surface velocities (Bello et al. 2015). Scaling
model time is not straightforward with the approach used here, in
which the time-dependent thermal structure of the lithosphere and
the shallow thermal structure of subduction zones is derived from
the age of the lithosphere (Bower et al. 2015). Scaling model time
was not attempted in this study, in which an Earth-like convective
regime was identified for Ra = 7.8 × 107, and the different reference
Rayleigh numbers used in cases C11, C12 and C13 resulted in
dynamic topography (Fig. 4b) and slab sinking rates (Fig. 15) that
are not consistent with available constraints.
Slabs tend to sink faster in Boussinesq model cases (C2 in Fig. 15)
than in extended Boussinesq and TALA model cases (C1 and C7–
C9), because the volume of sinking slabs is larger in Boussinesq
models (Fig. 10a). In extended Boussinesq models, the minimum
temperature increases subadiabatically with depth in the lower man-
tle, whereas the maximum temperature increases adiabatically with
depth (Fig. 3a), so that plumes rise adiabatically in a subadiabatic
lower mantle (e.g. Bunge 2005). This suggests that the smaller vol-
ume of lower-mantle slabs in extended Boussinesq models is caused
by viscous dissipation rather than by adiabatic heating. Two tests
confirm that lower-mantle slab volume is sensitive to viscous dissi-
pation: decreasing the dissipation number from 1.56 to 1.20 (by 23
per cent) increases the volume of lower-mantle slabs (based on 2 per
cent negative temperature anomaly) by 43 per cent, while increasing
the dissipation number from 1.56 to 1.87 (by 20 per cent) decreases
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Figure 15. Sinking of cold mantle slabs in flow models and as inferred from tectonic reconstructions and seismic tomography. Results for eight model cases
are compared to constraints (slab tops, slab bases and mean sinking rate) from Butterworth et al. (2014). The orange dashed lines outline the one standard
deviation envelope for case C7.
the volume of lower-mantle slabs by 39 . In extended Boussinesq
models, slabs sink faster when viscosity contrasts are reduced in the
lower mantle by using a lower activation energy (case C7) especially
if in addition there is no viscosity jump at the upper–lower-mantle
boundary (case C8, see Fig. 3b), and when the density of the basal
layer is decreased (case C9), although this latter effect is relatively
small (Fig. 15). Slabs sink slightly faster in extended-Boussinesq
case C1 than in TALA case C3 (Fig. 3) due to compressibility case
C3.
The rate at which slabs sink is not constant in the flow models,
but it decreases as slabs approach the CMB (Fig. 15), which is
attributed to the presence of previously subducted high-viscosity
slabs deep in the lower mantle (Figs 3, 8 and 9) to the increasing
viscosity with pressure and to the decrease of thermal expansivity
with depth (Chopelas & Boehler 1992) in extended Boussinesq
and TALA cases (Fig. 3b). This behaviour is consistent with the
gentle deepening from ∼1800 to 2200 km of slab bases associated
to subduction zones 160–200 Myr old (Fig. 15; Butterworth et al.
2014), but not with the base of the 200 Myr old East China slab that
is immediately above the CMB (Fig. 15; Butterworth et al. 2014),
suggesting that the East China slab could have sunk in the lower
mantle faster than other documented slabs.
4.3 Implications and limitations
4.3.1 Suitability of the physical assumption
Steinberger (2016) found that dynamic topography does not change
significantly when compressibility is considered in instantaneous
flow models without LVVs. In contrast, this study suggests that
considering viscous dissipation in time-dependent mantle flow
with LVVs does influence dynamic topography amplitude spec-
tra (Fig. 4a) because it affects the volume of lower-mantle slabs
(Fig. 10a). Extended Boussinesq and TALA model cases predict
dynamic topography amplitude spectra that are most consistent
with residual topography amplitude spectra (Figs 4a and 13), and
volumes of lower-mantle slabs that are most consistent with to-
mography and do not increase as significantly with depth as for
Boussinesq model cases (Fig. 10a). The extended Boussinesq and
TALAs are therefore more appropriate than the Boussinesq approx-
imation to model the structure of the lower mantle and surface
dynamic topography in time-dependent global mantle flow models.
TALA model cases predict an amplitude of dynamic topography at
degree two ∼5-8 per cent smaller than extended-Boussinesq cases
and are therefore most consistent with constraints on residual topog-
raphy (Figs 4a and 13, Table 1 and Table S1, Supporting Informa-
tion). Nevertheless, the differences between the presented extended
Boussinesq models and TALA models are generally small (Figs 3,
4a, 10, 13, Table 1 and Table S1, Supporting Information), so that
the simpler extended-Boussinesq is acceptable for the problem of
time-dependent convection considered here, consistently with pre-
vious work (Steinbach et al. 1989).
Interestingly, the fit to LLSVPs tends to be best for the mod-
els that predict the largest lower-mantle slab volumes, at the ex-
pense of the accuracy with which slabs are matched (Table 1, Table
S1, Supporting Information and Fig. 10c). The match of extended
Boussinesq and TALA model cases with LLSVPs may be improved
by considering tomographic filtering, mineral physics (Bull et al.
2009; Davies et al. 2012) and the phase transition from bridgmanite
to post-perovskite (Koelemeijer et al. 2018) when comparing the
results of flow models with tomography models.
4.3.2 Best-fitting models
In extended Boussinesq and TALA models, the fit to constraints is
best when the initial age is 150 Myr, the density of the basal layer
is approximately 2 per cent larger than ambient mantle (Table S1,
Supporting Information, and Figs 6 and 11), or the lower-mantle
activation energy and volume are small (Table 1, Figs 6 and 11).
Palaeogeographically constrained models depend on an unknown
initial condition (Bunge et al. 1998; McNamara & Zhong 2005;
Coltice & Shephard 2017), and it is interesting to note that the
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model case starting 150 Myr ago (C16) best fits the location of
slabs as imaged by vote maps of tomography models (Table 1). This
could reflect that the descent of slabs slows down after ∼160 Myr or
below ∼2200 km (Fig. 15), although model results also depends on
the depth to which slabs are inserted in the initial condition (Flament
et al. 2017), which was not varied across cases C14–C19 (Table S1,
Supporting Information). Model results decreasingly depend on the
initial condition for increasing a0, and the amplitude of present-day
long-wavelength dynamic topography varies less for initial ages a0
≥ 200 Myr (Fig. 4d) for which models do not as closely depend
on the initial condition. Using the reconstruction of Young et al.
(2018) from 410 Ma slightly improves the predicted amplitude of
dynamic topography at degree two and the fit to the structure of
the lower mantle compared to using the reconstruction of Matthews
et al. (2016) from 410 Ma, which reflects the sensitivity of the
models to the tectonic reconstruction, even for integration times
approximately twice as long as the time required for slabs to reach
the CMB (Fig. 15; van der Meer et al. 2010; Butterworth et al.
2014).
The inferred density of the basal layer (2 per cent denser than
ambient mantle) is larger than recently inferred from tidal tomogra-
phy (Lau et al. 2017), which reflects that less dense thermochemical
piles flatten out in the models (Garnero & McNamara 2008) unless
the structures have a high bulk modulus (Tan & Gurnis 2007; Bower
et al. 2013). Considering tomographic filtering, mineral physics
and the phase transition from bridgmanite to post-perovskite could
change the fit of flow models based on different densities of the
basal layer, and improve the fit of thermal models (δρch= +0 per
cent, cases C23 and C28) with tomography (Davies et al. 2012;
Koelemeijer et al. 2018).
The activation energy and activation volume decreases from the
upper mantle to the lower mantle in model cases C7 and C8 as
suggested by previous geodynamic models (Zhong & Davies 1999;
Yang & Gurnis 2016), and these cases match the structure of the
lower mantle relatively well. This decrease in activation energy and
activation volume is not suggested by rheological models based
on glacial isostatic adjustment observations or extrapolated from
laboratory experiments at upper-mantle conditions (Karato & Wu
1993; Yamazaki & Karato 2001; Nakada & Okuno 2017). A small
lower-mantle activation energy could reflect the presence of strong
silica-rich domains in the lower mantle (Ballmer et al. 2017), since
the activation energy is lower for silica-rich materials (e.g. Ranalli
& Murphy 1987).
4.3.2 Main limitations
While time-dependent forward models with LVVs are well suited to
investigate the effect of the physical assumption and of the viscosity
structure on results, the sensitivity study presented in this study is
limited. For instance, the initial age, imposed tectonic reconstruc-
tion and density of the basal layer were varied in this study (Table 1
and Table S1, Supporting Information), but other parameters such
as the thickness of the basal layer (Jellinek & Manga 2002; Zhong
2005) or the initial depth to which slabs are inserted in the models
(Flament et al. 2017) were not systematically varied here. Indeed,
the presented models remain computationally relatively expensive:
depending on parameters, it takes between ∼18 000 and ∼25 000
computer hours to compute a model starting at 230 Ma and the as-
sociated dynamic topography. In addition, inverse problems can be
solved to optimize instantaneous flow models for present-day con-
straints (e.g. Liu & Zhong 2016; Steinberger 2016; Yang & Gurnis
2016), or time-dependent models for time-dependent constraints
such as the formation of inland seas (Liu et al. 2008), but it is not
straightforward to optimize time-dependent models for present-day
constraints.
LVVs are limited to three orders of magnitude in the presented
flow models, which is lower than expected to occur within the
solid Earth and in some models (e.g. Tackley 2000; Stadler et al.
2010), but can be computed with a resolution that makes it possi-
ble to compute time-dependent mantle flow models spanning tens
of million years. Considering larger LVVs would promote small-
scale convection (e.g. Coltice et al. 2017) and associated dynamic
topography (Arnould et al. 2018). Indeed, the presented mantle
flow models best-fitting long-wavelength residual topography (de-
grees 1–3; Fig. 1c, Table 1 and Table S1, Supporting Information)
and as was the case for previous models (Becker & Boschi 2002;
Steinberger et al. 2012) they better predict large-scale lower-mantle
structures (Figs 6 and 7) than slabs (Figs 11 and 12), although they
may predict deep-Earth structures as small as ∼1000 km such as
the Perm Anomaly (Flament et al. 2017; Fig. 7). Residual topog-
raphy has been considered a direct proxy for dynamic topography,
however residual topography may also contain a contribution from
compositional density variations in the subcontinental lithospheric
mantle (Steinberger 2016). Indeed, it is possible to improve the
correlation between predicted dynamic and residual topography in
instantaneous flow models that include the complex structure of
the lithosphere and uppermost mantle as imaged by surface wave
tomography (Steinberger et al. 2017). However, reproducing the de-
tailed structure of the lithosphere and uppermost mantle in global
mantle flow models spanning tens of million years remains a chal-
lenge.
5 C O N C LU S I O N S
In this study, I considered the effect of the physical assumption used
in time-dependent mantle flow models on the predicted present-day
dynamic topography and structure of the lower mantle. In the ab-
sence of viscous dissipation, internal heating and of an adiabatic
temperature gradient, models based on the Boussinesq approxima-
tion overestimate the volume of lower-mantle slabs and the am-
plitude of long-wavelength dynamic topography. The amplitude of
dynamic topography at degree two is slightly smaller in models
based on the TALA than in models based on the extended Boussi-
nesq approximation, so that TALA model cases are more consis-
tent with residual topography constraints. The results of the TALA
and extended Boussinesq models are similar, making the extended
Boussinesq approximation acceptable to predict long-wavelength
dynamic topography.
Preserving shallow LVVs in the computation of dynamic to-
pography results in amplitude spectra that are more compatible
with residual topography models because high-viscosity slabs act
as stress guides and increase the amplitudes at shorter wavelength.
However, considering LVVs does not significantly improve the cor-
relation between dynamic and residual topography that generally
ranges between 0.4 and 0.5.
I varied model parameters including the viscosity structure, tem-
perature dependence of viscosity, initial age and chemical density of
the basal layer and found that the model cases that achieve the best
compromise in fitting residual topography and mantle tomography
models either consider a moderately dense basal layer (approxi-
mately 2 per cent denser than ambient mantle) or a weak temperature
dependence of lower-mantle viscosity. In these model cases, slabs
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sink at rates that are compatible with independent constraints from
tectonic reconstructions and tomography models. The fit to residual
topography and tomography does not significantly deteriorate when
increasing the model initial age, reflecting that tomography pre-
serves 200–250 Myr of convection history, and confirming that the
success of palaeogeographically constrained mantle flow models
extending further back in time than ∼ 200 Ma should be evaluated
against time-dependent surface geological constraints.
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Supplementary data are available at GJI online.
Table S1. Input parameters and output metrics for supplementary
model cases. A is the physical assumption (BO: Boussinesq; EX:
Extended-Boussinesq; TA: Truncated Anelastic), R is the recon-
struction, a0 is the age at which the model starts, Ra is the reference
Rayleigh number and δρch is the chemical density of the basal layer,
derived from the buoyancy ratio B. hmin, hmax and h2 are the mini-
mum, maximum, and degree two amplitude of dynamic topography,
C1–3 is the correlation between dynamic topography and the residual
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topography models shown on Fig. 1(a) for degrees 1–3, S and Acc
are the sensitivity and accuracy with which flow models reproduce
LLSVPs and slabs imaged by tomography and QCMB is the pre-
dicted present-day core-mantle boundary heat flow. For hmin, hmax
and QCMB, results that do not fit constraints are in red italics. For h2,
results between 900 and 1100 m are in bold, and results greater than
1400 m are in red italics. For all other metrics, the best five results
with respect to each constraint across Table 1 and Table S1 are in
bold, and the worst five are in red italics. Cases C1, C3, C9 and C10
(in italics) are repeated from Table 1 (case C1 is repeated twice).
Headers indicate the parameter that is varied across the following
sequence of model cases.
Figure S1. Quantitative match between predicted lowermost mantle
thermochemical structures in flow models and LLSVPs in seismic
tomography models. (a) Sensitivity and (b) accuracy with which the
geographical distribution of clusters of mantle temperature between
1000 and 2800 km depth predicted by 22 mantle flow model cases
reproduce the geographical distribution of clusters of seismic veloc-
ity anomalies between 1000 and 2800 km depth for seven S-wave
tomography models. Headers indicate the parameter that is varied
across the following sequence of model cases. Cases C1, C3, C9
and C10 are repeated from Fig. 6 (case C1 is repeated twice).
Figure S2. Quantitative match between predicted cold lower-mantle
and fast seismic anomalies in tomography models. (a) Depth-
averaged sensitivity and (b) depth-averaged accuracy with which
the geographical distribution of cold mantle temperature between
7000 and 2400 km depth predicted by 22 mantle flow model cases
reproduce the geographical distribution of fast seismic velocity
anomalies between 700 and 2400 km depth for three vote maps
of fast seismic anomalies (Shephard et al. 2017). Headers indicate
the parameter that is varied across the following sequence of model
cases. Cases C1, C3, C9 and C10 are repeated from Fig. 6 (case C1
is repeated twice).
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